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ABSTRACT The molecular epidemiology of Listeria monocytogenes was investigated
in a longitudinal study of three Finnish dairy farms during 2013 to 2016. A total of
186 bulk tank milk (BTM), 224 milk filter sock (MFS), and 1,702 barn environment
samples were analyzed, and isolates of L. monocytogenes were genotyped using
pulsed-field gel electrophoresis. L. monocytogenes occurred throughout the year in
all sample types, and the prevalence in MFS increased significantly during the in-
door season. L. monocytogenes was more prevalent in MFS (29%) than in BTM (13%)
samples. However, the prevalence of L. monocytogenes varied more between farms
in samples of MFS (13 to 48%) than in BTM (10 to 16%). For each farm, the L. mono-
cytogenes genotypes detected were classified by persistence (defined as persistent if
isolated from �3 samples during �6 months) and predominance (defined as pre-
dominant if �5% prevalence on at least one farm visit). The prevalence of sporadic
genotypes was 4 to 5% on all three farms. In contrast, the prevalence of persistent
predominant genotypes varied between farms by 4% to 16%. The highest preva-
lence of persistent predominant genotypes was observed on the farm with the
poorest production hygiene. Persistent predominant genotypes were most prevalent
on feeding surfaces, water troughs, and floors. Genotypes isolated from the milking
system or from cow udders had a greater relative risk of occurring in BTM and MFS
than genotypes that only occurred elsewhere in the farm, supporting the hypothesis
that L. monocytogenes is transmitted to milk from contamination on the udder sur-
face or in the milking equipment.

IMPORTANCE Listeria monocytogenes is a ubiquitous environmental bacterium and
the causative agent of a serious foodborne illness, listeriosis. Dairy products are
common vehicles of listeriosis, and dairy cattle farms harbor L. monocytogenes geno-
types associated with human listeriosis outbreaks. Indeed, dairy cattle farms act as a
reservoir of L. monocytogenes, and the organism is frequently detected in bulk tank
milk (BTM) and in the feces of clinically healthy cows. The ecology of L. monocyto-
genes in the farm environment is complex and poorly understood. Isolates of the
same L. monocytogenes genotype can occur in the farm for years, but the factors
contributing to the persistence of genotypes on dairy farms are unknown. Knowl-
edge of the persistence patterns and contamination routes of L. monocytogenes on
dairy farms can improve management of the contamination pressure in the farm en-
vironment and aid in the development of focused control strategies to reduce BTM
contamination.
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The saprophytic bacterium Listeria monocytogenes is the causative agent of the
foodborne illness listeriosis. With a $2.6 billion estimated annual cost of illness and

loss of 9,400 quality-adjusted life years, listeriosis is among the three most economically
impactful foodborne pathogens in the United States (1). In the United States, the
annual incidence of listeriosis is approximately 0.3 cases per 100,000 population, with
a case fatality rate of 21% (2). In the European Union in 2015, the incidence of listeriosis
was 0.46 cases per 100,000 population, with a case fatality rate of 18% (3). Although a
wide variety of ready-to-eat foods can mediate listeriosis, approximately half of the
outbreaks are linked to contaminated dairy products (4, 5). L. monocytogenes is a
common contaminant of raw milk, as the observed prevalence of L. monocytogenes in
bulk tank milk (BTM) of the dairy cow is frequently in the range of 2 to 7% (6–12). The
consumption of unpasteurized raw milk contaminated with L. monocytogenes poses a
listeriosis risk (13, 14). Moreover, the occurrence of L. monocytogenes in BTM can lead
to cross-contamination of dairy processing plants and pasteurized dairy products
(15–17). The development of effective control measures against raw milk contamina-
tion requires an in-depth understanding of the epidemiology of L. monocytogenes in on
dairy farms and its contamination routes from the farm environment to BTM.

Dairy cattle farms represent an important reservoir of L. monocytogenes (18–23) and
harbor L. monocytogenes genotypes associated with human outbreaks (24–26). While L.
monocytogenes may be transmitted to the farm environment from a multitude of
sources, poor-quality silage is considered a major contamination source (10, 15, 18, 19,
21). Healthy cattle frequently shed L. monocytogenes in feces, disseminating the patho-
gen into the farm environment (26, 27). L. monocytogenes is proposed to be transmitted
to BTM from fecal or environmental contamination of the udder surface (18, 19, 28).
Additionally, Latorre et al. (29, 30) documented the presence of L. monocytogenes
biofilms in the milking equipment that contributed to a high prevalence of L. mono-
cytogenes in BTM and in-line milk filter socks (MFS). Excretion of L. monocytogenes
directly into milk from infected udders is considered an uncommon contamination
route to BTM, due to the low incidence of listerial mastitis (31). Knowledge of the
contamination routes of L. monocytogenes from the farm environment into BTM
enables better management of the contamination pressure and helps reduce BTM
contamination with L. monocytogenes.

L. monocytogenes isolates of identical or nearly identical genotypes can occur for
years on dairy farms (26, 32). Whether the persistence of specific genotypes on dairy
farms typically results from repeated reintroduction from an external point contami-
nation source or from circulation within the farm environment is still unestablished.
Moreover, where L. monocytogenes persists on the farm and how L. monocytogenes is
transmitted from the sites of persistence to the remaining farm environment remain
poorly understood. Prevention of the on-farm persistence of L. monocytogenes requires
knowledge of the survival and dissemination of persistent L. monocytogenes genotypes
in the dairy farm environment.

The objective of the present study was to investigate the molecular epidemiology
of L. monocytogenes on three dairy cattle farms to (i) determine the occurrences of L.
monocytogenes in BTM, in-line milk filter socks (MFS), and the dairy farm environment;
(ii) explore the role of persistent L. monocytogenes genotypes in the dairy farm
environment; (iii) establish the routes of L. monocytogenes transmission in the dairy
farm environment and contamination routes into BTM and MFS; (iv) assess seasonal
variations in the prevalence of L. monocytogenes in BTM, MFS, feces, and feeds; and (v)
evaluate the effect of production hygiene on the occurrence of L. monocytogenes on
dairy farms.

RESULTS
L. monocytogenes occurred frequently in BTM, MFS, and the farm environment.

Of all samples collected, 17% (farm A, 24%; farm B, 10%; farm C, 18%) were positive for
L. monocytogenes (Table 1). Overall, L. monocytogenes was approximately twice as
prevalent in MFS (29%) than in BTM (13%). However, the prevalence of L. monocyto-
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genes in MFS varied between farms (A, 48%; B, 13%; C, 24%) more than the prevalence
of L. monocytogenes in BTM (A, 16%; B, 14%; C, 10%). There was no significant
association between the detection of L. monocytogenes in the paired BTM and MFS
samples (Pearson’s chi-square test, �2[1] � 2.22, P � 0.05). Overall, 50 (79%) of the 63
L. monocytogenes-positive MFS samples paired with L. monocytogenes-negative BTM,
and 12 (48%) of the 25 L. monocytogenes-positive BTM samples paired with L.
monocytogenes-negative MFS samples. Of the 13 positive MFS samples that paired with
positive BTM samples, 55% contained a different L. monocytogenes genotype than that
in the BTM sample.

Each BTM sample comprised five individually analyzed milk sample aliquots. In total,
920 milk sample aliquots were analyzed, with 375 aliquots from farm A, 295 aliquots
from farm B, and 260 aliquots from farm C. The mean prevalence of L. monocytogenes
in milk sample aliquots was 4% (6%, farm A; 4%, farm B; 2%, farm C). Most of the L.
monocytogenes-positive BTM samples consisted of only one L. monocytogenes-positive
milk sample aliquot (see Table S2 in the supplemental material). BTM samples with 3 to
5 positive aliquots were only collected from farm A. The most probable number (MPN)
of L. monocytogenes in the BTM samples, derived from the number of aliquots positive
for L. monocytogenes after enrichment, was very low, at �0.1 CFU/ml. The MPN was
indeterminable for one BTM sample composed of five positive aliquots. Direct plating
of a 1-ml volume of each milk sample aliquot revealed low L. monocytogenes counts: on
farm A, 3/375 (1%) milk sample aliquots contained L. monocytogenes counts on direct
plating, yielding concentrations between 1 and 4 CFU/ml; on farm B, 4/295 (1%) milk
sample aliquots were positive on direct plating, with counts of 1 to 2 CFU/ml; and on
farm C, 2/250 (1%) milk sample aliquots were positive on direct plating, with counts of
1 to 3 CFU/ml.

L. monocytogenes was detected in nearly all sampled sites on the dairy farms
investigated (Table 2), occurring most frequently on floor surfaces of the waiting area
(52%) and the milking station (48%). L. monocytogenes was also prevalent on the milk
room floors (42%), which are not accessible to cows. L. monocytogenes was slightly
more prevalent on feeding surfaces (27%) than in silage (17%) or feed concentrates
(16%). Likewise, the overall prevalence of L. monocytogenes was markedly higher on
water trough surfaces (26%) than in water samples collected from the troughs (5%). L.
monocytogenes was occasionally present in clean unused bedding material, indicating
that bedding material can be contaminated intrinsically or prior to its application in the
barn. The prevalence of L. monocytogenes in bedding materials was notably higher on
farm A (38%) than on farms B (5%) and C (15%). Although both A and B used peat as
bedding material, farm A was the only farm that employed a bedded pack system and
occasionally supplemented the peat bedding with straw (Table S1). In the milking
system, L. monocytogenes occurred most frequently in the milk filter tubes (4%).

Farms had varied prevalences of persistent L. monocytogenes genotypes. A
total of 728 L. monocytogenes isolates were genotyped using pulsed-field gel electro-
phoresis (PFGE) and clustered into 74 different genotypes (Fig. 1). Altogether, 44
different L. monocytogenes genotypes were isolated from farm A, 33 genotypes from
farm B, and 23 genotypes from farm C. Classification of the genotypes by predomi-
nance and persistence revealed that differences in the overall prevalences of L. mono-
cytogenes between farms arose primarily from differences in the prevalences of persis-
tent predominant genotypes (Table 3). The prevalence of persistent predominant
genotypes was significantly higher in samples collected from farms A (16%; 95%
confidence interval [CI], 14 to 19%) and C (11%; 95% CI, 9 to 15%) than in samples from
farm B (4%; 95% CI, 3 to 6%). In contrast, the prevalences of sporadic genotypes were
similar (4 to 5%) on all three farms. On all three farms, the prevalences of persistent
nonpredominant genotypes and nonpersistent predominant genotypes were low (1 to
4%).

Different genotypes were classified as persistent predominant for all three farms
(Fig. 1). Nevertheless, L. monocytogenes genotypes with a persistent or predominant
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FIG 1 Similarity analysis of 74 L. monocytogenes genotypes (GT) isolated from three dairy farms, F(A) to F(C), obtained by pulsed-field gel
electrophoresis (PFGE) using restriction enzymes ApaI and AscI. Similarity analysis of the combined ApaI and AscI fingerprint profiles was
performed with the unweighted pair group method with average linkages (UPGMA), using the Dice coefficient with a 1.5% position
tolerance limit and 1% optimization. Serogroups (SG) were determined by PCR. For each farm, the prevalence pattern of the genotype
is designated either “�” (not detected), “S” (sporadic), “P” (persistent nonpredominant), “D” (nonpersistent predominant), or “PD”
(persistent predominant), followed by the number of positive samples in parentheses.
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pattern on one farm were often sporadic on the other two farms, suggesting that
strains occurring in a persistent predominant pattern may be more common in the
geographic region than the strains which only occurred in a sporadic pattern. Of the
eight genotypes that occurred on all three farms, four were classified as predominant
persistent on one farm, and only one genotype was classified as sporadic on all three
farms. Five (71%) of the seven genotypes classified as persistent predominant occurred
on more than one farm. In contrast, of the 55 genotypes that merely occurred
sporadically, only nine (16%) genotypes were detected on more than one farm.

On all three farms, persistent predominant genotypes were isolated from floors,
water troughs, feed troughs, and bedding, indicating that a variety of sites in the farm
environment can act as ecological niches for the persistence of L. monocytogenes (Fig.
S1 to S3). Persistent predominant genotypes comprised the majority of L. monocyto-
genes contamination detected on floors, water troughs, the milking system, BTM, and
MFS of farms A and C, whereas on farm B, contamination in these sites consisted mostly
of nonpersistent genotypes. On all three farms, persistent predominant genotypes
comprised the majority of L. monocytogenes contamination on feeding surfaces. More-
over, persistent predominant genotypes were more prevalent on feeding surfaces (15
to 26%) than in feed samples (2 to 15%). In contrast, sporadic L. monocytogenes
genotypes were either less prevalent (farms A and C) or equally prevalent (farm B) in
samples of feeding surfaces (0 to 7%) as in feed samples (4 to 8%). Interestingly,
persistent predominant genotypes were isolated from all BTM samples that contained
�3 positive milk sample aliquots.

Of the 74 L. monocytogenes genotypes, 67 genotypes belonged to L. monocytogenes
PCR serogroup IIa, six genotypes to serogroup IVb, and one genotype to IIb. All
persistent predominant genotypes belonged to serogroup IIa. Additionally, serogroup
IVb genotypes were occasionally isolated from the BTM, MFS, feces, floors, water
troughs, and bedding of farms B and C. Serogroup IIb isolates only occurred on the
floors and fecal samples of farm C.

L. monocytogenes contamination in BTM is likely to arise from the milking
system and the udder surface. Potential contamination routes of L. monocytogenes in
the farm environment were identified by investigating associations in the occurrence
(presence/absence) of genotypes between sampling sites. Additionally, the relative risk
of a genotype occurring in a specific sampling site in the farm environment to also
occur in BTM or MFS was calculated (Tables S4 and S5). There was a significant
association between the genotypes occurring in the milking system (n � 5) and the
genotypes occurring in BTM (n � 19) (Fisher’s exact test, P � 0.01). Furthermore, the
relative risk of genotypes occurring in the milking system to occur in BTM was 7.3-fold
(95% CI, 4.5- to 11.9-fold) greater than that of other genotypes present in sites other
than the milking system. Although there was no significant association between the
genotypes occurring in udder samples (n � 13) and the genotypes occurring in BTM
(Fisher’s exact test, P � 0.05), the genotypes detected in udder samples were 2.6-fold
(95% CI, 1.1-fold to 6.0-fold) more likely to be detected in BTM than genotypes
occurring elsewhere in the farm environment. Moreover, there was a significant asso-
ciation between the genotypes occurring in udder samples and the genotypes occur-

TABLE 3 Prevalence of Listeria monocytogenes genotype groups in samples collected from farms A to C

Genotype groupa

Farm A (n � 836) Farm B (n � 796) Farm C (n � 480)

No. of positive
samples

% positive
(Wilson’s 95% CI)

No. of positive
samples

% positive
(Wilson’s 95% CI)

No. of positive
samples

% positive
(Wilson’s 95% CI)

Persistent predominant 137 16 (14–19) 34 4 (3–6) 56 12 (9–15)
Persistent nonpredominant 30 4 (3–5) 18 2 (1–4) 13 3 (2–5)
Nonpersistent predominant 10 1 (0.6–2) 12 2 (1–3) 3 1 (0.2–2)
Sporadic 44 5 (4–7) 31 4 (3–5) 24 5 (3–7)
aPersistent predominant, genotypes isolated on �3 sampling dates in �6 months, with �5% prevalence on �1 farm visit; persistent nonpredominant, genotypes
isolated on �3 sampling dates in �6 months, with �5% prevalence on all farm visits; nonpersistent predominant, genotypes not isolated on �3 sampling dates in
�6 months, with �5% prevalence on �1 farm visit; sporadic, genotypes not isolated on �3 sampling dates in �6 months, with �5% prevalence on all farm visits.
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ring in MFS samples (n � 40) (Fisher’s exact test, P � 0.01). Genotypes isolated from
udder samples were 2.4-fold (95% CI, 1.6-fold to 3.7-fold) more likely detected in MFS
than other genotypes. These data support a model where L. monocytogenes is trans-
mitted from the farm environment to BTM via the milking system or the surface of
udders (Fig. 2). The occurrence of genotypes in sites other than the milking system or
udders was not significantly associated with the occurrence of the same genotypes in
BTM or MFS.

The occurrence of L. monocytogenes genotypes on water troughs and on feeding
surfaces was significantly associated with the occurrence of these genotypes in nearly
all sampling sites (Fig. S4), suggesting that genotypes contaminating the feeding
surfaces and water troughs are likely to be widespread in the farm environment.
Interestingly, there was a significant association between genotypes occurring in feed
and on feeding surfaces (Fisher’s exact test, P � 0.01) and between genotypes occur-
ring on feeding surfaces and in feces (Fisher’s exact test, P � 0.01), but not between
genotypes occurring in feces and in feed (Fisher’s exact test, P � 0.05). These findings
suggest that feeding surfaces may act as an intermediary between feed and feces,
where the contamination of feeding surfaces may exacerbate fecal dissemination by
prolonging the oral exposure of cattle to L. monocytogenes (Fig. 2). The occurrence of
L. monocytogenes genotypes in bedding was also significantly associated with a large
number of sampling sites in the farm environment. Notably, there was a significant
relationship between the occurrence of genotypes in bedding and udder samples
(Fisher’s exact test, P � 0.01). The relative risk of genotypes present in bedding being
isolated from udder samples was 5.7 (95% CI, 2.2 to 14.5). The majority of the genotypes
isolated from bedding and udder samples occurred on farm A. These findings suggest
that on farm A, the markedly high prevalence of L. monocytogenes in bedding contrib-
uted to the high prevalence of L. monocytogenes in udder samples, which in turn
contributed to the high prevalence of L. monocytogenes in MFS.

The prevalence of L. monocytogenes in MFS peaked during the indoor season.
The prevalence of L. monocytogenes was significantly higher in MFS samples collected
during the indoor season from November to April (26%; 95% CI, 19 to 34%) than during
the outdoor season from May to October (11%; 95% CI, 7 to 17%) (Table 4). The highest

FIG 2 Model for L. monocytogenes circulation in the dairy farm environment. The ingestion of contam-
inated feeds (1) can lead to the dissemination of L. monocytogenes in cattle feces (2) into the barn
environment (3). The persistence of L. monocytogenes on the feeding surfaces (4), water troughs, floors,
or bedding (3) can prolong the exposure of cattle to L. monocytogenes, facilitating reinfection and further
dissemination. Environmental or fecal contamination of the udder surface (5) or L. monocytogenes
biofilms nested in the milking system (6) may lead to contamination of the milk filter socks (MFS; 7) and,
eventually, the bulk tank milk (BTM; 8).
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prevalence of L. monocytogenes in MFS samples was observed from January to April (30
to 32%) and the lowest from July to October (9%). In samples of BTM, feces, feeds, and
feeding surfaces, L. monocytogenes occurred throughout the year without significant
differences between seasons.

High prevalence of L. monocytogenes correlated with poor production hygiene.
Differences in production hygiene were observed between farms (Table 5). Using a
scale of 1 to 3, farms B and C received higher overall hygiene scores (2.6 to 2.8) than
farm A (1.7). There was a significant positive correlation between farm hygiene score
ranking and ranking based on L. monocytogenes prevalence (Spearman’s rho � 0.69,
P � 0.01), suggesting that sites where deficits in the hygienic maintenance were
observed also maintained a higher prevalence of L. monocytogenes (Table S3). Differ-
ences in production hygiene may account for the significantly higher prevalence of L.
monocytogenes in MFS of farm A than in farms B and C. MFS samples from farm A were
often visibly dirty (Fig. S5), suggestive of shortcomings in milking hygiene on this farm.
Deviations from normal farm routines (n � 92), as reported in a questionnaire filled by
the farm staff at each BTM and MFS sampling, were not significantly associated with L.
monocytogenes-positive samples of BTM or MFS (Fisher’s exact test, P � 0.05).

DISCUSSION

The prevalence of L. monocytogenes in BTM samples was notably higher (13%) than
in the individual BTM sample aliquots (4%), suggesting that the analysis of a single milk
aliquot can underestimate the true prevalence of L. monocytogenes in BTM. The lower
prevalence in milk sample aliquots is likely attributable to the low contamination levels
of L. monocytogenes in BTM (33). Indeed, the MPN of the BTM samples and the plate
counts of L. monocytogenes in individual BTM sample aliquots were consistently low in
the present study (�4 CFU/ml). The prevalence of L. monocytogenes in BTM was fairly
high (10 to 16%) on all three farms investigated, despite the differences in farm size,
management practices, and allocated hygiene scores. Interestingly, no relationship
between the presence of L. monocytogenes and elevated total aerobic bacterial counts
or Escherichia coli counts was found in a previous study of Finnish BTM (9). Therefore,
while poor milking hygiene may facilitate the transmission of L. monocytogenes from
the environment to BTM, good milking hygiene alone cannot entirely prevent contam-
ination.

In-line MFS, which are placed between the milking station and the bulk tank, are a
common alternative to BTM as sample material for L. monocytogenes surveillance (11,
28, 34). In the present study, L. monocytogenes was more prevalent in MFS than in BTM
samples, suggesting that contamination levels that are undetectable from BTM in a
scheme of five aliquots may concentrate to detectable levels in the MFS. However, the
prevalence of L. monocytogenes was more varied between farms in MFS (13 to 48%)
than in BTM (10 to 16%) samples. Moreover, MFS samples performed poorly as
indicators of L. monocytogenes contamination in BTM, especially as positive BTM
samples were frequently collected with negative MFS samples. Therefore, while MFS
screening may improve the likelihood of detecting L. monocytogenes at the farm level,

TABLE 4 Seasonal prevalence of Listeria monocytogenes in BTM, MFS, feces of dairy cows, and in feed and feed trough surface samples
collected from three Finnish dairy cattle farms during 2013 to 2016

Sampling period

BTM MFS Feces Feed and feeding surfaces

% samples
positive for
L. monocytogenes

Wilson’s
95% CI

% samples
positive for
L. monocytogenes

Wilson’s
95% CI

% samples
positive for
L. monocytogenes

Wilson’s
95% CI

% samples
positive for
L. monocytogenes

Wilson’s
95% CI

Indoor season (November–April) 13 8–20 26 19–34 22 14–31 19 12–25
Outdoor season (May–October) 13 8–21 11 7–17 22 15–32 20 14–27
January-February 12 5–27 32 19–47 15 6–34 18 10–32
March-April 9 3–22 30 19–45 26 14–43 16 9–29
May-June 17 8–33 14 7–27 28 14–48 16 8–29
July-August 11 4–25 9 4–22 20 9–39 32 20–47
September-October 11 5–26 9 4–22 19 9–36 14 7–26
November-December 17 8–33 15 7–30 23 11–40 19 11–31
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the detection of L. monocytogenes in MFS analysis should not be solely relied upon to
justify contamination of BTM. Poor milking hygiene may increase the proportion of L.
monocytogenes captured by the MFS, as excess debris on the MFS surface can facilitate
the attachment of L. monocytogenes to the MFS (28). Since the highest prevalence of L.
monocytogenes in MFS samples was observed on the farms with the highest environ-
mental prevalence of L. monocytogenes (farms A and C), the MFS may act as an indirect
indicator of both milking hygiene and the contamination pressure from the farm
environment.

The three dairy farms investigated were exposed to a large variety of L. monocyto-
genes genotypes. The strain diversity may be attributable to the multitude of potential
contamination sources in the farm environment, such as feeds, wild and domesticated
animals, farm staff and visitors, and contaminated machinery (19, 21, 26, 35). The
majority of the genotypes detected in this study were presumably sporadic on the
farms investigated. Interestingly, the prevalences of the sporadic genotypes were
remarkably similar on all three farms (4 to 5%), suggesting that a “baseline” L. mono-
cytogenes contamination by sporadically occurring genotypes may be present in all
dairy cattle farm environments. However, the prevalence of persistent predominant
genotypes varied notably between farms (4 to 16%), suggesting that farm-specific
factors influence the prevalence of persistent predominant genotypes. Persistent pre-
dominant genotypes were most prevalent on the farm with the lowest hygiene score
(farm A) and least prevalent on the farm with the highest hygiene score (farm B),
suggesting that the contamination load from persistent predominant genotypes can be
reduced with good production hygiene. In general, environmental sites with the lowest
hygiene scores had the highest prevalence of L. monocytogenes.

L. monocytogenes occurred more frequently on surface swab samples from feeding
surfaces and water troughs than in feed or water, suggesting that L. monocytogenes
accumulates on the surfaces of the farm premises. The frequent detection of persistent
predominant strains on the surface of floors, feeding surfaces, and water troughs
suggests that these sites act as niches for on-site persistence of L. monocytogenes.
Additionally, genotypes present on feeding surfaces and water troughs were excep-
tionally widespread in the farm environment. The persistence and proliferation of L.
monocytogenes on feeding surfaces and water troughs may increase the oral exposure
of cows to L. monocytogenes, further contributing to the fecal spread of these geno-
types to multiple sites in the farm environment. L. monocytogenes genotypes occurring
on udders or the milking system were more likely to contaminate BTM and MFS than
genotypes that only occurred in other sampling sites in the farm environment. Indeed,
all five genotypes detected in the milking system were also detected in milk. These
findings support the proposition that L. monocytogenes is transmitted to BTM both
from the udder surface (18, 19, 28) and from the milking equipment (29, 30). However,
an association between the occurrence of genotypes in the milking system and BTM
can also arise from milk acting as the source of contamination in the milking system.
Samples of the milking system were collected after routine cleaning, indicating that L.
monocytogenes isolates from the milking system remained attached and viable though
the cleaning procedure. Since no genotype was detected in the milking system on two
consecutive visits, the genotypes were unlikely to persist in the sampled areas of the
milking system.

All of the persistent predominant strains belonged to PCR serogroup IIa (lineage II),
which is the most commonly occurring serogroup implicated in human listeriosis in
Finland (36). Cluster analysis of fingerprint profiles revealed that persistent predomi-
nant genotypes were a genetically diverse group. Several fingerprint profiles of persis-
tent predominant genotypes shared a high degree of similarity with profiles of exclu-
sively sporadic genotypes. Closely related “persistent groups” of L. monocytogenes
genotypes have been found to occur on dairy farms, occasionally for several years (26,
30). It is possible that the genotypes within persistent groups originate from the same
environmental reservoir hosting a common ancestor. Alternatively, persistent groups
may represent clades that are particularly common and spread across a variety of
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geographical areas and environments (26). Potential factors determining the occur-
rence and persistence of L. monocytogenes genotypes on a farm include the prevalence
of the genotypes in the geographic region, the sources of contamination to the farm
environment, farm management, housing system and herd size, phenotypic and
genomic characteristics of the strain, and the microevolution and adaptation of the
strain to various habitats and selection pressures. Cattle likely contribute to the ampli-
fication and dissemination of L. monocytogenes in the farm (21, 26, 27), but the ability
of persistent L. monocytogenes strains to survive and replicate in the bovine gastroin-
testinal tract remains uncertain.

Significant seasonal variation in the prevalence of L. monocytogenes was only
observed in MFS samples, in which the prevalence was higher during the indoor season
than the outdoor season. Of note, the analysis of seasonal variation was limited by the
short study period. Seasonal variation in the prevalence of L. monocytogenes in MFS,
BTM, and bovine feces was found to be insignificant in several studies (28, 35, 37),
whereas others identified significant seasonal differences, with different seasons re-
ported as having higher prevalence than others (23, 38–40). Differences in climate and
farm management between different geographical regions, as well as variations in
study design, may account for the disparity regarding seasonal prevalence.

In conclusion, the detection of low contamination levels of L. monocytogenes in BTM
can be facilitated by the analysis of multiple milk sample aliquots or by the analysis of
MFS. MFS sampling provided a higher overall prevalence for L. monocytogenes than did
BTM sampling; however, MFS performed poorly as an indicator of L. monocytogenes
contamination in BTM. Samples from all three farms contained a similar prevalence of
sporadic genotypes but varied prevalence of persistent predominant genotypes. The
highest prevalence of persistent predominant genotypes was detected on the farm
with the lowest hygiene score. Each farm contained a unique set of persistent pre-
dominant genotypes, of which several were sporadically occurring on the other two
farms. Persistent predominant genotypes were widespread in the farm environment,
and on all three farms, all persistent predominant genotypes presented on feeding
surfaces and water troughs, suggesting that these sites are ecological niches for L.
monocytogenes persistence. L. monocytogenes genotypes isolated from udders and the
milking system had a higher relative risk of occurring in BTM than genotypes isolated
from other locations, which suggests that the udder surface and, potentially, the
milking system, are important routes of contamination for L. monocytogenes into BTM.
The findings of this study contribute to a better understanding of the epidemiology of
L. monocytogenes on dairy cattle farms and can be used to implement improved
surveillance and control strategies against L. monocytogenes in dairy production.

MATERIALS AND METHODS
Farms. The sample material was collected during 2013 to 2016 from three Finnish dairy cattle farms

with different housing systems, management practices, and herd sizes (Table S1). No history of clinical
listeriosis in dairy cows had been observed in any of the farms. Sampling took place on farm A from
November 2013 to November 2015, on farm B from April 2014 to April 2016, and on farm C from
September 2014 to September 2015.

Sampling. During the sampling period, each farm was visited bimonthly, for a total of 13 visits to
farms A and B and 7 visits to farm C. On each farm visit, approximately 50 samples (30 to 35 surface swab
samples, 5 to 6 samples of feces, 4 to 5 samples of bedding, 4 to 5 samples of feed, 1 to 2 water samples,
and one milking line rinse water sample) were collected, amounting to 686 samples from farm A, 682
samples from farm B, and 334 samples from farm C. Surface swab samples were collected from floors,
feeding surfaces (feed tables and troughs), water troughs, uncleaned udders, used udder wipes, milk
collectors, teat cups, teat cup racks, milk filter tubes, and the bulk tank outlets. All samples of the milking
equipment were collected after routine cleaning in place (CIP) from the surfaces that come into direct
contact with milk. Fecal samples were collected as composite samples of freshly laid feces from 2 to 5
cows on farms A and B and from 5 to 10 cows on farm C. Samples of feed and bedding were collected
using disposable gloves or sterilized forceps into 1-liter zip-lock bags by selecting representative sample
material from several locations. Drinking water from troughs and rinse water from the milking pipeline
were collected into 50-ml samples in polypropylene centrifuge tubes (Falcon). All samples collected on
the farm visits were transported in coolers directly to the laboratory, and sample analysis was initiated
on the day of the sample collection.
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BTM and MFS sampling was performed every 1 to 2 weeks throughout the surveillance period, for a
total of 75 times on farm A, 59 times on farm B, and 55 times on farm C. At each sampling, five 50-ml
milk sample aliquots were collected from the bulk tank through the outlet. Additionally, 1 to 2 in-line
MFS samples through which the milk collected in the bulk tank had been filtered were collected into
Minigrip bags. The milk sample aliquots and the MFS samples were collected by the farm staff and
delivered to the laboratory within 24 h in packages containing ice packs. The samples were analyzed
immediately upon arrival to the laboratory. Each of the five milk sample aliquots was analyzed
individually but together composed one BTM sample: the BTM sample was considered negative if all five
aliquots were negative, and it was considered positive if any one of the five aliquots tested positive for
L. monocytogenes. The utility of MFS samples as indicators of BTM contamination with L. monocytogenes
was explored in simultaneously collected pairs of BTM and MFS samples (n � 182). In the possible case
where two MFS samples were collected with a BTM sample, such a BTM sample was paired with a
positive MFS sample if either of the two MFS samples was positive, and it was paired with a negative MFS
sample if both of the two MFS samples were negative.

With each sampling, the farm staff also completed a questionnaire to report any deviations from
routine farm management, namely, nonroutine cleaning and maintenance procedures of the milking
equipment and farm premises, recruitment of new staff or the use of substitute workers, presence of
visitors on the farm, purchase of new animals, animal health issues, and changes in feeding or feed
quality (Appendix S1). Associations between the reported deviations and the occurrence of L. monocy-
togenes in BTM and MFS samples were explored both by the presence/absence of any reported deviation
and by each survey question individually.

Bacterial analysis. L. monocytogenes was isolated from the samples according to the standard
procedure NCFA 136:2010 (41), using Harlequin chromogenic Listeria agar plates (Lab M Limited, Bury,
United Kingdom) and Listeria monocytogenes blood agar plates (LMBA; Lab M Limited) for samples of
BTM, MFS, water, and environmental swabs and Palcam agar plates (Lab M Limited) and LMBA plates for
samples of feed, fecal, and bedding. Entire milk filter socks, sponge swabs, and swab sticks were used as
sample material for primary enrichment in the half Fraser broth; for the remaining sample types, a 25-g
subset of the sample was selected for primary enrichment. Colonies with a morphology representative
of L. monocytogenes were identified using a multiplex PCR method targeted to the listeriolysin O gene
hlyA (42). Serogroups of the L. monocytogenes isolates were determined by a multiplex PCR assay (43)
that recognizes L. monocytogenes PCR serogroups IIa (serovars 1/2a and 3a), IIc (serovars 1/2c and 3c), IIb
(serovars 1/2b, 3b, and 7), and IVb (serovars 4b, 4d, and 4e). L. monocytogenes serogroups IIa and IIc stem
from evolutionary lineage II, and serogroups IIb and IVb stem from evolutionary lineage I (43).

Genotyping. Genotyping of L. monocytogenes isolates was performed using pulsed-field gel elec-
trophoresis (PFGE) with the restriction enzymes ApaI and AscI (New England BioLabs, Ipswich, MA). When
L. monocytogenes colonies were observed in the direct plating of milk sample aliquots, one L. monocy-
togenes isolate from the direct plating was selected for genotyping. Following sample enrichment, one
L. monocytogenes isolate was selected for genotyping from each positive selective agar plate. Altogether,
1 to 5 isolates were genotyped for each positive sample. PFGE was performed as described by Autio et
al. (44). PFGE profiles were analyzed using the BioNumerics software version 5.10 (Applied Maths,
Sint-Martens-Latem, Belgium). Bands were assigned automatically and adjusted manually after visual
assessment. The isolates were clustered into genotypes based on similarity analysis of the combined ApaI
and AscI fingerprint profiles, performed with the unweighted pair group method with average linkages
(UPGMA), using the Dice coefficient with a 1.5% position tolerance limit and 1% optimization.

L. monocytogenes genotypes were classified as described by Latorre et al. (30), with modifications,
into (i) persistent predominant, (ii) nonpersistent predominant, (iii) persistent nonpredominant, and (iv)
sporadic genotypes. Genotypes were considered persistent if they occurred at least on three different
sampling dates, with a minimum interval of 6 months between the first and the last dates of isolation,
indicating that these genotypes were reoccurring or surviving on the farm. Genotypes were considered
predominant if they occurred with a �5% sample prevalence at least on one farm visit, indicating that
these genotypes were widespread in the farm environment during one or more farm visits. If a genotype
did not fulfill the criteria for the predominant or persistent genotype, it was considered to be sporadic.

Evaluation of production hygiene. Production hygiene was evaluated on each farm, based on the
cleanliness of the premises on farm visits at the beginning and end of the surveillance period. Aspects
to be evaluated included, where appropriate, overall cleanliness; hygienic design and condition of
materials; routing of milk, animals, feed, and feces; drainage; air quality; lighting; and pest control. Full
scores on a scale of 1 to 3 were allocated for each of the evaluated sites (Table 5), where a score of “1”
corresponded to a major deficit in production hygiene, “2” to a minor deficit in production hygiene, and
“3” to no notable deficit in production hygiene. A hygiene deficit was considered minor if the issue was
localized and unlikely to reduce milk hygiene (e.g., slow drainage of rinsing water from an area of the
milking parlor). The deficit was considered major if the issue presented throughout the evaluated site or
it was likely to reduce milk hygiene (e.g., insufficient cleaning of the milking parlor after milking). All
evaluations were conducted by the same veterinarian (HC).

To investigate the relationship between production hygiene and the occurrence of L. monocytogenes,
the association between the farm ranking based on hygiene score and farm ranking based on L.
monocytogenes prevalence was explored. For each evaluated site, the three farms were ranked by
hygiene score, so that the farm with the highest hygiene score was ranked first, and the farm with the
lowest hygiene score was ranked third. If two scores were equal for any given site, the two farms
shared the higher rank. Furthermore, for each evaluated site, the farms were ranked on the basis of
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L. monocytogenes prevalence in samples collected from that site, where the lowest prevalence was
ranked first and highest prevalence was ranked third.

Data analysis. The 95% confidence intervals for prevalence estimates were calculated using the
Wilson score interval method (45). The most probable number (MPN) of L. monocytogenes in bulk tank
milk and the MPN confidence intervals were calculated using the application developed by Jarvis et al.
(46) for Microsoft Excel. The IBM SPSS Statistics version 23 was used to run two-tailed t tests, Pearson’s
chi-square tests, and Fisher’s exact tests and to calculate relative risk ratios. A significance level of 0.05
was used in the statistical analyses.
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